The decay time of an exciton depends on the coupling between the dipole oscillator and the optical environment in which it is placed. For an organic light-emitting device this environment is determined by the thinfilm layer structure. The radiative decay competes with nonradiative decay channels and in this way influences the luminescent efficiency and the external quantum efficiency of the device. We describe a method to estimate the dependency of the exciton decay time and the luminescent efficiency on the thin-film stack and validate the results experimentally. © 2009 Optical Society of America OCIS codes: 230.3670, 310.6845, 310.6860, 160.4890. Organic light-emitting devices (OLEDs) are currently used in commercial electronic displays and are also promising for illumination applications, for which the external quantum efficiency ext of the OLED is an important parameter. ext (the ratio of the number of photons emitted from the OLED divided by the number of charges passing through the OLED) can be considered as a product of four efficiencies, describing four different loss mechanisms (Patel et al. [1]). In this work we investigate how the luminescent efficiency lum depends on the optical properties of the film stack, both theoretically and experimentally. It has been reported in the literature [2] [3] [4] that the exciton decay time and its inverse, the exciton decay rate ⌫, are influenced by the optical environment in which the exciton is located, and thus by the thicknesses and refractive indices of the layer structure (LS). The exciton may also be subjected to nonradiative decay channels, which are independent of the optical environment. In this Letter we provide a detailed theoretical model, carry out experiments with iridium based emitters ͑ ϳ 1 s͒, and include both electroluminescent (EL) and photoluminescent (PL) measurements.
Organic light-emitting devices (OLEDs) are currently used in commercial electronic displays and are also promising for illumination applications, for which the external quantum efficiency ext of the OLED is an important parameter. ext (the ratio of the number of photons emitted from the OLED divided by the number of charges passing through the OLED) can be considered as a product of four efficiencies, describing four different loss mechanisms (Patel et al. [1] ). In this work we investigate how the luminescent efficiency lum depends on the optical properties of the film stack, both theoretically and experimentally.
It has been reported in the literature [2] [3] [4] that the exciton decay time and its inverse, the exciton decay rate ⌫, are influenced by the optical environment in which the exciton is located, and thus by the thicknesses and refractive indices of the layer structure (LS). The exciton may also be subjected to nonradiative decay channels, which are independent of the optical environment. In this Letter we provide a detailed theoretical model, carry out experiments with iridium based emitters ͑ ϳ 1 s͒, and include both electroluminescent (EL) and photoluminescent (PL) measurements.
In this work, we model the emitters as an ensemble of electrical dipole antennas with random orientation [5] . We assume that the probability for the emission of a photon is proportional to the power emitted by the ensemble of dipole antennas. This emitted power can be determined by decomposing the fields into plane and evanescent waves with transverse electric or transverse magnetic polarization. The model takes into account wide-angle and multiple-beam interference in the LS, assuming that the OLED is a onedimensional LS, since the lateral dimensions are much larger than the layer thicknesses.
As a reference, we consider an ensemble of dipole antennas in the same emitting medium, with infinite thickness. In this case, the intrinsic exciton decay rate ͑⌫ 0 ͒ is given by [5] (the inverse of the intrinsic decay time 0 )
with ⌫ r 0 and ⌫ nr 0 as the intrinsic radiative and nonradiative decay rates. If the emitting layer (EML) is embedded in an LS then the radiative decay rate ⌫ r 0 is modified by a factor F LS because of the different optical environment [5] , and we obtain
with LS and ⌫ LS as the decay time and decay rate of an emitter in the LS. When the dipoles are in an emitting medium with infinite thickness the modification factor is F 0 = 1 and Eqs. (1) and (2) become equivalent. In this Letter we will assume that the width of the spectrum is owing to homogeneous broadening. This means that the radiative recombination of an exciton in the emitting material is described by an ensemble of randomly oriented dipole antennas with a given spectral distribution. In this case, all excitons are equivalent and have the same value of F LS , leading to a pure exponential decay. The experimental results indicate that the decay is indeed exponential in good approximation, i.e., in the long-living part of the measured decay signal. The pure exponential decay for these emitting materials can be seen in the work of Reineke et al. [6] for lowexcitation intensities and the long-living part of the measured decay signal at high-excitation intensities.
For the case of homogeneous broadening and a given intrinsic normalized spectrum S 0 ͑͒, measured in an infinite medium ͐ 1 2 S 0 ͑͒d = 1, the increase in the radiative decay F LS is obtained by weighing the dipole emission with the spectral density
In this formula, K͑ , ͒ = K + ͑ , ͒ + K − ͑ , ͒ where K + and K − are the normalized power densities per interval d 2 =2d through a plane [7] in the EML toward the anode or the cathode, respectively, emitted by an ensemble of randomly oriented dipole antennas placed in the middle of the EML. The parameter is the spatial frequency of the plane or evanescent wave on a surface parallel with the LS (see [5] ). The power density K and therefore also the factor F LS depend on the thicknesses and (wavelength dependent) refractive indices of the layers in the LS owing to the interference effects described above. In the following, we describe the LS fabrication and the decay time measurement, and analyze the results in terms of the theory outlined above.
The LSs used in the experiments were deposited in a multichamber high-vacuum cluster tool (base pressure ϳ10 −9 mbar) by means of thermal evaporation and have an active area of 6 mm 2 . Single mixed films were deposited on a glass or quartz substrate and encapsulated with quartz glass. All devices have the same general architecture, i.e., glass substrate, anode, hole transporting layer (HTL), electron blocking layer (EBL), EML, hole blocking layer (HBL), electron transport layer (ETL), and cathode. The HTL is a p-doped mixed system, either consisting of 4 wt. The ETL is a Cs-doped BPhen layer [8] . As the anode material either indium tin oxide (ITO) or Ag is used whereas the cathode is either Ag (15 nm semitransparent) or Al (100 nm). The wavelength dependent refractive indices of each material were determined by ellipsometry. The six different LSs are given in Fig. 1 .
To determine the decay time LS , time-resolved PL and EL measurements were carried out. The experimental setup and procedures are reported elsewhere [6, 9] . The resistor-capacitor time of the detector (photodiode) circuit is 16 ns, and it was determined by measuring the decay of a blue (fluorescent) OLED. Except for the case of the single EML structure (LS1), the EL response signal is used for decay time analysis. With transient EL excitation (in contrast to photoexcitation) it is possible to confine the excitation within the layer of interest, i.e., the EML. Photoexcitation excites all absorbing layers of the LS, and this may lead to unwanted effects, e.g., interlayer exciton transfer to EML and fluorescence from other materials. In addition, a focused high-intensity laser source may cause decomposition of the LS and modify its optical properties. As an example the decay times of FIrpic in various LSs LS are shown in Fig. 2(a) . The values of LS are determined from the long-living monoexponential tail of the decay signal (indicated by the solid lines), where the decay is solely controlled by the monomolecular relaxation and where most of the light is emitted. The initial deviation from monoexponential decay is owing to bimolecular annihilation processes at high excitation levels [6, 10] . For LS2 at low intensity, a second feature is seen with a time constant of ϳ1.4 s, which is most likely owing to delayed carrier recombination of the remaining space charge within the device (with a longer time constant than the intrinsic relaxation of excited states of FIrpic) [11] . Figure 2(a) shows that LS decreases as reflections in the cavity increase. The de- LS and the calculated F LS . This indicates that for each of the materials, the change in the decay time can be ascribed to variations in F LS , and the intrinsic radiative and nonradiative decay rates ⌫ r 0 and ⌫ nr 0 can be considered as constants. A least-squares method was used to determine the best linear fit for each of the three emitters [see Fig. 2(b) ]. The coefficients of the linear fit can be identified with the coefficients in Eq. (2), yielding estimations for the intrinsic radiative and nonradiative decay rates ⌫ r 0 and ⌫ nr 0 of the three emitters (see Table 1 ). The intrinsic decay time 0 is found from Eq. (1), the intrinsic luminescent efficiency [4] is given by lum 0 = ⌫ r 0 / ͑⌫ r 0 + ⌫ nr 0 ͒, and luminescent efficiency in a LS by lum
Since F LS depends on the layer thicknesses according to Eq. (3) one is able to optimize the thicknesses of the layers in the LS to enhance the luminescent efficiency lum LS . This enhancement can be seen in Table  1 for some LS. Table 1 also shows that the green TCTA: Ir͑ppy͒ 3 emitter is the most efficient ͑ lum 0 = 76.6%͒ of the three. The value of 8% for lum 0 , which we find for the red NPB: Ir͑piq͒ 3 , is smaller than what is reported in the literature [7] . This may indicate that another mechanism is influencing the decay rate.
In addition to the LSs discussed above, a top emitting OLED has also been deposited on a thick Ag anode on top of an ITO/glass substrate. We found that the exciton decay rates for the three emitters in this LS were considerably higher than expected from the simulations, which could be due to a change in the refractive index of thin Ag layers or roughness of Ag layers deposited on ITO.
In this Letter, we have observed the influence of the LS of an OLED on the exciton decay time in three different materials. We found a linear relation between the decay rate ⌫ LS and the simulated normalized power F LS of an ensemble of randomly oriented electrical dipole antennas. We conclude that the change in the radiative decay rate can be explained by the change in the optical environment for the emitters. From the linear fit it is possible to estimate the intrinsic radiative and nonradiative decay rates and the luminescence efficiencies in a homogeneous medium and in the particular LSs. Estimated from the linear fit in Fig. 2͑a͒ for the three emitter materials. Intrinsic decay time 0 , intrinsic luminescent efficiency lum 0 , and luminescent efficiencies lum LS for the three emitters in the six different LSs.
